When sheep were given intradermal doses of 0-5 ml of 0-9% NaCl containing 5-1400 p.g L_[36S]cystine, an area of labelled wool with a much higher specific activity than the rest of the fleece and corresponding to about 7 cm ll of skin was produced. Over this range of mass of cystine, about 21-1 % of the dose of 35S was incorporated into the wool grown by this area.
incorporated into the wool grown by this area.
When the 30 8 was injected intradermally as half-cystine residues bound to plasma proteins, a smaller proportion of the dose was incorporated than for similar masses of free cystine, but a larger area of skin (about 11 cro 2 ) produced wool of relatively high specific activity.
L-[36S]cystine, Na 13 l!. and the -51Cr complex of ethylenediaminetetra-acetic acid ([51Cr] EDTA) all disappeared from the skin with a half-time of about 10 min, compared with about 10 hr for ovine [131I] albumin. The appearance of radioautograms of individual wool fibres labelled by repeated intradermal doses of L_ [35S] cystine showed that the 3bS was incorporated into the growing fibres over a period of many days. It was concluded that there must be a "pool" of cystine, or of keratin precursors containing cystine, in the skin.
Intradermal doses of L-[35S]methionine, L-[14C]lysine, L-[14C]valine, and DL-[14C]
cystine all produced sufficient labelling of the wool fibres to enable rates of growth of individual fibres to be measured by the radioautographic technique. By using a HC-Iabelled amino acid a "permanent" timing mark can thus be imparted to growing wool fibres.
After an intradermal dose of L.
[3bS]methionine had been given, about 90% of the 35S incorporated into the wool at the injection site was present as cystine. Rougeot (1959) has shown that wool fibres from a small area of the skin of a sheep can be labelled with a subcutaneous dose of 1-10 fLc of ["S]cystine. The same fibres can be labelled repeatedly in this way, and their rates of growth can be accurately measured after the radioactive regions of the fibres have been revealed by radioautography. Fibres growing more than 2 cm from the point of injection show no detectable radioactivity. Rougeot chose [35S] cystine for several reasons, mainly based on the findings of Bern, Harkness, and Blair (1955) and of Ryder (1956) : cystine makes up at least 10% of the wool keratin, the asS label rapidly appears in the follicle, only traces of the 35S appear in the wool or hair grown 3 weeks after the dose, and the half-life of asS, 87·1 days, enables the method to be used over periods of many months. ["S]cystine, given intravenously, was also used by Lyne (1959, 1961) in the development and application of a similar technique for the measurements of the rate of wool growth.
INTRODUOTION
The results of the experiments described here have confirmed and extended Rougeot's observations. The effect of varying the mass of cystine injected intradermally has been studied. Since some of the free cystine in sheep plasma forms mixed disulphides with the plasma proteins (Downes 1961a (Downes , 1961b 
II. :MATERIALS AND METHODS

(a) Experimental Sheep
Adult Corriedale wethers were used. They were housed indoors in metabolism cages at 22±1·5°C. Their daily ration comprised 800 g of a mixture of equal parts of lucerne and wheaten chaff. The wool was clipped from the appropriate areas of skin on the day before the injections, with Oster animal clippers. The purity of these compounds was checked by chromatography on a column of Amberlite IR120 as described by Hirs, Moore, and Stein (1954) . The cystine produced ouly one peak of radioactivity in the expected position. The methionine, however, contained a small proportion of impurities. The bulk of the methionine was therefore purified by elution from a larger column of the same resin. and L-[ 14 0] Valine.-These were obtained from the Radiochemical Centre, Amersham. These compounds were shown to be more than 98% radiochemically pure, by paper chromatography and carrier dilution analysis.
(b) Prepamtion and Injection of Doses
The non~radioactive L~cystine and L~methionine were obtained from the Nutritional Biochemicals Corporation, and the L~valine and L~lysine monohydro~ chloride from L. Light & Co. Ltd.
The cystine for the intradermal injections was dissolved in the minimum volume of IN HCI and diluted to the appropriate volume with 0·9% wlv NaC!. The other amino acids were dissolved directly in 0·9% NaC!.
Cystine hydrochloride (1OI'c, 0·35 mg cystine) was added to fresh plasma (10 ml) from the sheep to be subsequently dosed. The solution was allowed to stand at room temperature for 24 hr, and was then dialysed at 5°C against water to remove unbound cystine. The solution was then centrifuged to remove a small amount of insoluble matter. Measurements of the total and trichloroacetic acid-precipitable 35S by methods already described (Downes 1961a (Downes , 1961b showed that the solution injected contained at least 95% of its 35S in the disulphide-bound form.
(iv) [131IJAlbumin and N a131I.-Albumin was isolated from sheep plasma by the method of Schwert (1957) and labelled with 131 1 (from the Radiochemical Centre, Amersham) at a level of one atom of iodine per molecule by the method of McFarlane (1958) . The unbound 131 1 was removed by eluting the protein from a column (1·2 by 20 cm) of Sephadex G-25 with 0'9% NaC!. The doses of Na '31 1 were prepared by diluting some of the stock solution to the appropriate volume with 0'9% NaC!.
(v) [51Cr)EDTA.-This was prepared from "OrCl, (from the Radioohemical Centre, Arnersham) as described by Downes and McDonald (1964) . The stock solution was diluted tenfold with 0·9% NaC!.
(vi) Injection.s.-The doses, each 0·5 ml in volume, were injected intradermally.
(c) Measurement of Rate of Disappearance of Intradermal Doses
The compounds containing 51Cr and 131 1 were each injected into the skin on the side of a sheep, which was tied to a table. A directional scintillation counter (Ekco type N559A) was then positioned with the end of the collimator 2 in. above the injection site. The pulses were fed to a rate-meter (Ekco type N600).
The direct counting procedure could not be followed with [35S)cystine because 35S emits only weak ,8~particles. In this case a sheep was given a series of doses of L-[35S)cystine (0·28 p,c; 27 p,g) into well-separated sites on the skin at time intervals ranging from 6 days to 10 min before the animal was killed by intravenous injection of a saturated aqueous solution of MgCl 2 (20 ml). Disks of skin (5·6 cm diameter) containing the areas labelled by each injection were dissected from the carcass as soon as possible and their 35S content measured (see below). About 5 min elapsed from the start of the MgCl 2 injection to the completion of the dissection of the first disk (the lO-min sample).
Two extra disks of skin were taken from each side of the carcass to provide a measure of the 35S transported from the sites of injection. The average value for these controls was subtracted from each result for the injecte~ sites to provide the amount of the intradermal dose retained at the site of injection.
(d) Radious8ays and Radioautography
(i) Labelled Amino Acids.-Measured amounts of the labelled amino acids were diluted with the corresponding unlabelled compounds to specific activities of the order of 2 p,cjg. The diluted samples were then assayed as "infinitely" thick sources of 1 cm 2 area (Popjak and Beeckmans 1950) , an end-window Geiger-Muller counter being used.
(ii) Wool.-All wool samples were washed well with ether, ethanol, and water, and were heated at 105'C for 16 hr. The specific activity of the wool was measured either by end-window counting (Downes 1961a) or by the liquid scintillation method described by Downes and Till (1963) .
(iii) Skin.-The disks of skin were dried and oxidized with 45 ml of HN0 3 /HOlO,/K 2 0r,07 as described (for wool) by Myers (1959) . The residue from each oxidation was filtered and the filtrates diluted to 250 ml with ethanol. Ethanol (5 ml) and 9 ml of a solution ofdiphenyloxazole (0,4% w/v) and of 1,4.bis-2-(5-phenyloxazolyl)-benzene (0·01 % w/v) in toluene were added to 8-ml samples of the diluted filtrates, and assayed in a Packard Tri-Carb liquid scintillation spectrometer. Knowp. amounts of the [35S]cystine added to non-radioactive pieces of skin were similarly assayed, so that the results could be expressed as a percentage of the dose. In each of these assays at least 10,000 counts were recorded for each sample assayed. The counting rates were corrected for the background rate and, when necessary, for decay_ (iv) Radioautography.-Individual wool fibres were radioautographed with Kodak AR50 film as described by Downes and Lyne (1961) .
(e) Separation of Amino Acids frrYm Wool
To a sample of wool (160 mg) from one of the target areas which had been injected with L-[35S]methionine (Table 1) was added some non-radioactive (carrier) L-methionine (21 mg) and the mixture was heated with HOI (35 ml, 6N) in an oilbath at 130-140°0 for 16 hr. The extra methionine was added to reduce the proportion oxidized during the hydrolysis. Mter removing most of the HOI by repeated evaporation in vacuo, a portion of the hydrolysate (equivalent to 100 mg of wool) was put onto a column (2 by 70 em) of ion-exchange resin (Amberlite IR120) and the amino acids eluted with HOI as described by Hirs, Moore, and Stein (1954) . The eluate was collected in 3-ml fractions. Portions (0·1 ml) of the fractions indicated in Figure 6 were analysed for a-amino nitrogen by the colorimetric ninhydrin method . Other portions were assayed with an end-window Geiger-Muller counter after evaporating 0·4 ml to dryness on polyethylene disks containing a lens tissue (2 cm'). Counting standards were similarly prepared from known amounts of the hydrolysate.
Another sample of the same wool (120 mg), without the addition of carrier methionine, was oxidized with performic acid as described by Thompson and O'Donnell (1959) . The oxidized wool was then hydrolysed and portion of the hydrolysate again eluted from a column of Amberlite IR120 as described above.
III. RESULTS
(a) Fate of a Single Intradermal Dose of a Labelled Amino Acid
In the first experiment 12 areas (10 by 10 cm) of skin, six on each side, on each of two sheep were carefully shorn with Oster clippers. Next day an intradermal dose of L-["S]oystine (6 f'c; 450 f'g) was injected into one of the sites, in the midside region, on each sheep. Five days later several fibres were plucked from a number of positions ranging from the centre of the injected area up to 7 cm from the centre. Radioautography (exposure time, 10 days) showed that the fibres taken from the target area produced a strong radioautogram; fibres more than about 2 cm from the centre of the 'labelled area produced only the background level of silver grains. Four weeks after the day of the injections the wool was clipped from each area and its mass and specific activity measured. In both cases. the average specific activity of the wool from the injected area was much higher (80 and 20 times respectively) than that of the wool from any of the other 11 areas. All the wool from these areas had about the same specific activity within 20%. The radioactivity in the rest of the fieece must be due to a portion of the dose being transported from the site of injection. The average specific activity of the wool from the control areas was subtracted from the average specific activity of the wool from the injected area. From the corrected specific activity and the mass of clean dry wool from the injected area, the percentage of the dose of 35S incorporated locally was calculated. Similarly, from the average specific activity of the wool from the other areas and the total weight of clean dry wool grown over the 4-week period (calcnlated from previously measured fieece/patch ratios) the percentage of the dose in the rest of the fieece could be calculated. The results (Table 1) show that, although the wool from the site of injection became highly radioactive compared with the rest of the fieece, the bnlk of the dose was evidently removed by the circulation, since the observed proportion of the dose in the fleece was comparable with that previously obtained for intravenous injections (Downes 1961b) .
Similar results (Table 1) 
(b) Effect of Mass and Form of Cystine Injected
Since the effect of a single dose was highly localized, several experiments were performed in which many intradermal doses were given to the same sheep.
In each case the wool was closely and uniformly clipped and the required number of sites (each 8 by 8 cm) were delineated on the skin. Next day the appropriate dose (see below) was injected into the centre of each,site. Four weeks later the wool from ·each site was carefully harvested, cleaned, dried, weighed, and assayed for radioactivity. Two control samples from eatCh side of the sheep were similarly processed. The average amount of radioactivity in the controls was subtracted from that in the wool from the injected sites to give the net amount of radioactivity due to the intradermal dose [see Section III (a)], This correction was never more than 25% of the total amount present in the wool from an injected site. In the first experiment of this type a sheep was given six doses of free L~[35S] cystine 'containing about 50 mp..c 35S, with masses of. cystine ranging from 8 to 1370 p.g, and two doses also contaiuing 50 mp.c "S, in the PS-"SCy form; another sheep was given a similar set of doses in duplicate, twice as many sites being used. The site for each dose was chosen randomly.
In the second experiment two more sheep were each given a total of 36 intradermal injections over a period of 1 hr. These doses comprised quadruplicate injections of free L-["S]cystine at eight levels ranging from 5 to 950 p.g and of PS_35SCy. Half of cach set of doses ,vere given Ito :randomly chosen sites on each side of the sheep. This time the area of skinlover which the dose had spread was estimated as follows. The wool was carefully harvested 26 days after the doses were given and was transferred as a "mat" to an X-ray cassette. The area of each mat was measured and the samples were then covered with an X-ray film (Koclirex No-screen). Mter 3 weeks' exposure the films were developed and the ,size of the blackened area produced by each dose was measured by planimetry. The area of skin which produced the labelled wool was then calculated by multiplying the area of blackened film by the ratio of the area of each site (64 cm') to the area of the mat.
The results in Figure 1 show that the average area .of skin which produced strongly labelled wool was about 6-8 cm' for masses of cystine ranging from 6 to 950 fLg. The average area labelled by the doses of PS_35SCy. n· 3 cm', was significantly larger than the areas for similar masses of free cystine. Although the actual mass of half~cystine residues in the doses of PS~35SCy was not known exactly, it may be calculated from the concentration and binding capacity of the proteins (Eagle, Piez, and Oyama 1961) that the maximum mass must have been about 40 p.g. The percentage of each dose of 35S which was incorporated into the wool at the site of injection is shown in Figure 2 . The percentage ranged from about 21 for the smallest masses of free cystine to 1 for the largest mass injected. The average for the doses of PS_35SCy was 5'1% (±1·7 S.D.). This is significantly lower than the average percentage (1l·3±4·0%) for equivalent masses of free cystine.
The average rates of wool growth were 610 and 640 fLg/cm' skin/day respectively for the two sheep during the experimental period.
(c) Radioautography of Fibres
Two weeks 'after the injections were given in the experiments described in Section III(b) a few fibres were plucked from the centre of each site and radioautographed (exposure time 25 days). Most of the fibres produced a positive radioautogram, the intensity of which diminished with the mass -of cystine injected. The fibres from the sites injected with free [35Slcystine produced stronger radioautograms than those from the sites which received the PS_35SCy.
Radioautograms of individual wool fibres labelled by intradermal injections of any of the amino acids listed in Table 1 or by DL-[14Clcystine were all similar. A relatively intensely radioactive region, corresponding approximately to the length of the keratogenous zone of the wool root, was followed by a gradual fall in the intensity of labelling over a period of at least several days. This is illustrated by a radioautogram (Fig. 3) of a fibre taken from a site on the skin which had received an intradermal dose of L-[35Slcystine followed by two similar doses, 11 and 18 days later respectively. Radioautograms of fibres taken more than 2 em from the site of injection showed only the background level of silver grains after the same exposure time.
(d) Rates of Disappearance
To help in the interpretation of the results described in Section III (b) , the rate of removal by the circulation of intradermal doses of several substances was measured. These were L-["Slcystine, [l3lIlalbumin, Na 131 I, and the complex of 51Cr with EDTA. The doses of Na l3l 1 (2·7 I'c, carrier-free, in 0·9% NaCl) and of [51CrlEDTA (18·7 I'c; 5 I'll in three experiments, l1Ol'g in a fourth experiment) all disappeared exponentially with half-times of about 10 min (Fig. 4) . The [l3lIlalbumin (1·6 I'c; 5·0l'g) disappeared much more slowly; the counting rate fell about 15% during the first 30 min and then the rate of disappearance became exponential, with a T, of about 10 hr (Fig. 4, inset) .
The results in Figure 5 show that most of the L-[35Slcystine left the skin with a T t of about 10 min.
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(e) Chemical Form of 35 8 in Wool Labelled by Intradermal Doses of L-[35S]Methionine
The analysis of the amino acids from the hydrolysed wool [ Fig. 6 (a)l showed that about 92% of the "S added to the column was recovered in two peaks. Of these the larger (88% of recovered "S) was eluted in' the position which previous tests with standard mixtures of amino acids had shown to correspond to cystine. The double peak was due to the partial separation of the mixture 0f isomers of cystine which is formed during acid hydrolysis (Hirs, Moore, and Stein 1954) wool which had been oxidized with performic acid [ Fig. 6 (b) ] again showed that more than 90% of .the 35S was recovered in two peaks. Of this radioactivity about 90% appeared in the cysteic acid position, and 100/0 in the position correspo~ding to methionine sulphone.
IV. DISCUSSION
The results obtained with ["Slcystine are similar to those of Rougeot (1959) . However, Rougeot's data implied that no radioactivity was detectable in the fleece, except at the injection site. The present results show. that only a small proportion of the dose is retained at the injection site. The results in Figures 1 and 2 show that the doses of 35S as PS_35S0 y were incorporated less efficiently, but over a larger area, than doses of free L-[35S]cystine of about the same mass. The smaller the mass of cystine injected, the larger was the proportion of the 35S incorporated into the \vool at the injection site. Thus, for the purpose of labelling fibres over a small area of skin, free cystine at a high specific activity is preferable to the disulphide-bound form. These results indicate that although free cystine (or cysteine) is probably the immediate precursor of the cystine in the proteins of the growing fibre, the half-cystine residues bound to plasma proteins can be liberated and incorporated into wool, possibly by a t4iol-disulphide exchange reaction. The observed rates of disappearance of the labelled compounds studied (Figs. 4, 5) and the difference in the areas of labelled skin support previously published results (Hollander, Reilly, and Burrows 1961) which indicate that there is a slow exchange between the proteins in' the blood plasma and those in the' skin, the removal from the skin being via the lymph. Free cystine evidently diffuses freely and so is removed from the skin at the same rate as Na 13 l! or [51Cr]EDTA.
The following results provide a background to the interpretation of the relationship between the mass of cystine. injected and the percentage of the 35 8 incorporated at the injection site. Firstly, the size of the area of skin producing highly labelled wool was practically independent of the mass of free cys.tine injected, over the range studied. This is in agreement with published results (Hechter 1950) which indicate that it is the volume of solution injected, not the mass of solute, which determines the degree of spreading in the skin. From the mean value for this area (6·7 cm 2 ), the rate of wool growth on these animals (about 630 Vg/cm2 skin/day), and the cystine content of wool (11% by weight) it was calculated that about 0·3 vg of cystine per min (460 Vg/day) was incorporated into the wool growing from this area. Secondly, the initial rate of disappearance of the labelled cystine from the skin was the same as that of Na l3l 1 and of [51CrJEDTA. The T t for all three substances was about 10 min, which indicates the rapidity with which the doses were removed by blood flow. Finally, the radioautogram (Fig. 3) shows that the radioactivity retained at the injection site was not all incorporated into the wool grown over a period of a few minutes or even a few hours, but appeared in ever-decreasing amounts in the wool grown over many days.
In considering the fate of an intradermal dose of labelled cystine, there are two extreme possibilities. The first is that some of the injected cystine (which has not mixed with other cystine in the skin) is used by the skin or the follicles during the time in which the rest of the dose is transported from the injection site. The incorporation of a smaller proportion of the larger doses could be due to the inability of the skin or follicles to use more than a certain amount of the labelled cystine during the time in which it is available. On this model the present results show that the amount of the injected cystine incorporated into wool at the injection sites would have ranged from 0·5 to 37 Vg (mass injected x fraction of "S incorporated)-enough for about 2-120 minutes' wool growth, assuming that the growth rate was constant. This result can be reconciled with the radioautographic result by assuming that the [85S]cystine was incorporated into a pool of keratin precursors turning over relatively slowly in the skin.
At the other extreme ,ve can assume that the dose, or a constant proportion of it, is immediately mixed with a mass of cystine already present in the skin, and that the excess above the normal-level is rapidly removed by the circulation.
If we inject the same amount o~ radioactivity, A /kc, into each site, but -with different masses of cystine, x /kg, then the initial specific activity of the cystine in the site will be given by kA/(kx+b) Vc/Vg; where k is a constant and is the proportion of the dose which mixes with the cystine, b /kg, already in the site. The removal of the excess cystine from the site is rapid compared with its rate of incorporat~on into wool, so that the initial total activity in the site when the cystine lev"l returns to normal will be kAb/(kx+b) p'c, and if the wool growth rate is constant then a constant proportion of this activity will be incorporated into wool growing at. the site. The total activity incorporated is KkAb/(kx+b) Vc, where K is a constant. The proportion (P) of the injected activity that is incorporated at the site is given by: Which of these possibilities is the more likely can only be resolved by further work. In either case the results show that the doses of cystine must have-been mixed with a mass of cystine already present somewhere in the skin, this mass representing an intermediate "pool" between the circulating .blood and the keratinized fibre.as suggested previously (Downes 196Ia ). Portion of this cystine is probably held as half-cystine residues by disulphide bonds to the plasma proteins in the skin. It has
